A vascular role in the pathogenesis of primary open angle glaucoma (POAG) has been postulated for many years. [1] [2] [3] Evidence is accumulating that a disturbance of blood flow in the posterior pole does exist, especially in patients with normal pressure glaucoma (NPG) with intraocular pressures within statistically normal limits. In some POAG patients, possibly secondary, haemodynamic changes may exist as well.
Several methods to evaluate blood flow in the posterior pole have been developed. Some are restricted, because of their destructive or invasive nature, to experimental studies in animals such as methods using radioactively labelled microspheres. 4 Other methods are applicable in humans-for example, methods estimating retinal capillary flow using either the laser speckle phenomenon 5 or the blue field entoptic phenomenon, 6 and methods estimating the pulsatile component of the ocular blood flow. More recently, colour Doppler imaging of various larger vessels-for example, ophthalmic artery, central retinal artery, and short posterior ciliary arteries, has been introduced, showing blood flow velocities in these vessels. 7 Using another technique also based on the Doppler principle, the bidirectional laser Doppler velocimetry, retinal, choroidal, and optic nerve head blood flow has been measured in humans. [8] [9] [10] Combining scanning laser technique and Doppler analysis, the scanning laser Doppler flowmeter (the Heidelberg retina flowmeter) aims at measuring flow in retinal capillaries. 11 12 Angiography is another important technique for the assessment of blood flow. Ever since the introduction of fluorescein angiography the retinal circulation especially has been studied extensively, mostly by qualitative means. Various methods have been developed to quantify retinal circulation by photographic means [13] [14] [15] and, in recent times, using video techniques and computerised image analysis. [16] [17] [18] In general, these methods aim to quantify retinal circulation by data which are derived from fluorescence intensity curves. In other words, from the shape of the dye curves information on rheology is inferred-for example, passage or circulation times and arterial dye velocities.
Attempts have been made to quantify choroidal circulation using indocyanine green angiography and image processing. [19] [20] [21] In these methods the pulsatile character of the choroidal blood flow is described. As in the retinal fluorescein angiographical methods, with the aid of indocyanine green, arterial, venous and capillary filling times in the choroid can also be estimated. 22 Fluorescein has also been used successfully to study choroidal haemodynamics. A vast amount of qualitative knowledge has been obtained on physiological, normal choroidal blood flow, [23] [24] [25] [26] [27] as well as on pathological conditions such as glaucoma. 1-3 28-30 In an attempt to describe and analyse choroidal capillary blood flow, a rheological model, describing the filling of the choriocapil-laris during fluorescein angiography, was used to analyse fluorescence intensity curves. [31] [32] [33] For each location of the posterior pole the dye build up curve is analysed using the following model: F dt = maximal fluorescence increase, dependent on the amount of blood with fluorescein, blocking of pigments, etc; t 0 = the onset of the filling process, reflecting the delay time between injection site, and the eye; = tau, the time constant of the model. The model curve is shown in Figure 1 . Normally, F min is low and may depend on the colour filters used; the fluorescence factor of interest is F dt .
The description of the pattern of each dye curve using the aforementioned four variables was found to be accurate. Accuracy of curve fitting is usually defined as the diVerence between the model curve and the actual dye build up curve. This simple model describes approximately 90% of dye curve information. There is a small though statistically significant improvement in fit by the introduction of an extra time constant in the model. 33 The analysis using this mathematical model enables not only a description of the dye curves but also a possible of interpretation in terms of rheological relevant variables, using a rheological one compartmental model. This model describes the filling of the choriocapillaris, the compartment, with dye during fluorescein angiography. Translating the descriptive variables into rheological variables, t 0 reflects the delay time between the moment of injection and appearance in the posterior pole, introduced by the circulation between the site of injection and the eye, and can be regarded as the local blood refreshment time. Using fluorescein angiography only fluorescence from superficial layers up to and including the choriocapillaris, excluding the large choroidal vessels, will contribute to the background fluorescence. The dye curves, not located on retinal vessels, will reflect the fluorescence of the choriocapillaris. The blood refreshment time describes the time needed to replace the blood volume in a certain tissue, in this case the choriocapillaris. Consequently, if blood flow is decreased, the time needed to replace the blood volume will be longer, and the blood refreshment time will increase. In an animal experiment it was demonstrated that the angiographically derived values are indeed correlated negatively with blood flow of the peripapillary choroid, determined by the radioactively labelled microspheres method. The latter can be regarded as a standard method in experimental blood flow measurements, and enables absolute flow measurements in separate ocular tissues-for example, the peripapillary choroid. In comparing the results of the two methods, was to be interpreted as the local blood refreshment time of the peripapillary choroid, and another rheological variable, the local blood volume of the choriocapillaris, could be estimated. 34 The goal of this study was to evaluate whether choroidal haemodynamics, parametrised using this method based on fluorescein angiograms, are altered in patients with POAG, NPG, or ocular hypertension compared with normal healthy subjects.
Patients and methods
In this study 106 glaucoma and ocular hypertension (OHT) patients from the outpatient clinic of the Glaucoma Center of the Academic Medical Center participated. Twenty two accompanying people and staV members were asked to participate as normal, healthy subjects.
Cases of lenticular or corneal disease (precluding fluorescein angiography), diabetes mellitus, severe cardiovascular disorders, history of allergy, or known allergy to fluorescein or filtering surgery were excluded. If both eyes met the aforementioned criteria, the study eye was selected randomly.
Inclusion criteria for normal subjects were no history of ocular diseases, normal findings of the slit lamp examination, Goldmann tonometry (IOP<18 mm Hg), ophthalmoscopy, and nerve fibre evaluation.
Patients were included with the diagnosis OHT, POAG, or NPG, in case of open angles examined by gonioscopy, glaucomatous cupping of the disc, and glaucomatous visual field defects (using the Humphrey 30-2 program). Glaucoma patients were diagnosed as POAG (48 patients) if the mean IOP derived from diurnal IOP measurements (oV treatment) was greater than 21 mm Hg. The diagnosis of NPG (46 patients) was based on the same criteria, with the exception of a statistically normal IOP, in this case < 21 mm Hg. To allow for After the angiogram the IOP and blood pressure were measured. The average ocular perfusion pressure was defined as:
The study was approved by the medical ethics committee of the Academic Medical Center and informed consent was obtained from all participants.
In order to induce mydriasis, tropicamide 0.5 % was administered in the study eye. After proper focusing of the scanning laser ophthalmoscope (SLO, Rodenstock, fixed gain, 160 µW blue argon laser, 40°field) 1.5 ml sodium fluorescein 25% was injected in the antecubital vein (catheterised with 21 gauge butterfly needle). The fluorescein angiograms were recorded on superVHS video tape (Panasonic AG-7350). The pictures were centred on the disc.
The angiogram was digitised into 100 pictures. The spatial resolution was 380 × 228 pixels; the temporal resolution was one picture per second just after the injection, gradually increasing to a maximum of five pictures per second during the arterial phase, and decreasing to one picture per second in the venous phase. The pictures were aligned by a specially made automatic procedure using cross correlation of pictures, analogous to methods used in radiology for image alignment. 35 For the central 228 × 228 pixels the model analysis was performed.
For each of the 228 × 228 pixels a dye curve was constructed. Fluorescence intensity was plotted on the ordinate, time was plotted on the abscissa. Every dye curve was analysed according to the previously mentioned model, equation (1). 32 Hence, for each location of the posterior pole haemodynamics are parametrised, described by the aforementioned variables.
To study the spatial distribution of the model variables the location of the disc was manually indicated with the help of specially made software on a digitised red free SLO picture, matched with the aligned angiogram series. Subsequently, circular areas centred around the disc could be analysed. As shown in Figure 2 , in this way the posterior pole of each patient was divided into a circle covering the disc, and circular regions extending from 1 to 1.5 disc diameters and subsequent 1.5-2.5, 2.5-3.5, and 3.5-4.5 disc diameters from the centre of the disc. Pixels overlying larger retinal arteries and veins up to the second order branches were automatically detected, without need of human input, by an automated image analysis algorithm implemented on a personal computer. They were excluded from further analysis. Generally, approximately 6000 pixels (11.5%) were excluded from further analysis. For each region the mean and standard deviation of the model variables were calculated.
Since the variables in the study population did not follow normal distribution, nonparametric statistical tests were used. To examine the diVerences in model variables between groups of diagnosis, the Kruskal-Wallis analysis of variance (ANOVA) by ranks and the Mann-Whitney U test (MWU) were used. The Kruskal-Wallis ANOVA can be regarded as the non-parametric equivalent of the analysis of variance with multiple groups; the MannWhitney U test can be regarded as the non-parametric equivalent of the t test for two independent samples. To investigate the relation between fundus location and variable values, Friedman's two way ANOVA, the nonparametric equivalent of repeated measures ANOVA, was used. With regard to correlations the Spearman rank order correlation was used.
Results
In Table 1 some characteristics of the groups are given: sex, age, a visual field index (corrected pattern standard deviation, CPSD), mean intraocular pressure (IOP), mean arterial pressure, perfusion pressure, smoking, and use of topical medication. The intraocular pressure is the average of the readings from the diurnal IOP curve; the arterial pressure and perfusion pressure are based on the measurements just after angiography. Males and females were equally distributed over the groups. All POAG patients received topical treatment, mostly topical blockers. Only 20 of the 46 NPG patients received topical treatment. As follows from the diagnostic criteria, statistical diVerences in the intraocular pressure were seen among the study groups (KW ANOVA p<0.001). The highest IOP values were found in the POAG patients. The ocular perfusion pressure did not diVer among the groups (KW ANOVA p=0.14); the lowest perfusion pressure was found in the POAG group. The arterial diastolic and systolic pressures were not statistically diVerent among the groups (KW ANOVA p=0.09). The average disc areas (SD) Kruskal-Wallis ANOVA with or without adjustment for age showed that the diVerences between the groups could not be attributed to diVerences in age between the groups. As to the adjustment for age, all subjects (controls and patients) were used. Moreover, there appeared to be no correlation between age and the model parameters. Because of the relatively large spread a non-linear relation between age and model parameters was not considered, and age influences were not taken into account.
The median values for the three model parameters for the five fundus locations are given in Table 2 . The p value, given for each parameter, is the outcome of the KruskalWallis ANOVA, and indicates whether some significant diVerence in the median variable values in the four study groups exists. The model parameter maximal fluorescence (F dt ) and the time constant of the model, , show such a diVerence. The time of first dye appearance (t 0 ) did not show a statistically significant diVerence. Since multiple ANOVAs are performed, the significance of diVerences with borderline p values, such as are found in the choroidal maximal fluorescence (F dt 
In Figure 3 the 'standardised' averages (25th-75th percentile) of the variable values for the patient groups and fundus locations are given. These values were standardised using the individual mean of the disc and choroidal values. Friedman ANOVA showed that for all three variables there exists a significant relation between location and value (p<0.001). It must be noted that the generally large spread around the medians from Table 2 is caused by interindividual diVerences, as the spread is much smaller in Figure 3 . In the variables F dt and t 0 , in particular, an evident dependence on the location exists. With the exception of the F dt of the disc, no statistically significant diVerences in this location dependence could be demonstrated.
The variable F dt shows the largest significant diVerences between the patient groups with respect to the area of the disc. Whereas the fluorescence of the normals and OHT patient was comparable, the disc fluorescence in the POAG and NPG groups was significantly lower compared with normals (MWU, p<0.01). However, the choroidal fluorescence was significantly lower only in the POAG group (MWU, p<0.02). The time of first fluorescence, t 0 , using Kruskal-Wallis ANOVA did not show statistically significant diVerences among these groups. The analysis of the relation between fundus location and onset of fluorescence showed a very significant relation (Friedman ANOVA, p<0.001). More eccentric locations are associated with later t 0 .
The model parameter showed the strongest diVerences between the patient groups. The largest diVerence existed between normal subjects and NPG patients (MWU, p<0.001). The diVerence between normal subjects and POAG patients was significant as well (MWU, p<0.001). Finally, the diVerences between the POAG and NPG patients were also significant (MWU, p<0.01). The slowest tau values were found in the NPG patients, followed by the POAG patients. The diVerence between normal subjects and ocular hypertensives did not prove to be statistically significant.
The correlation between visual field defect, expressed as corrected pattern standard deviation (CPSD), and model parameter proved to be weak though significant. The Spearman rank order correlation between (a) values for disc and choroid and (b) CPSD ranged from 0.26 to 0.36 (p<0.02). In Figure 4 the values for the choroid area 2 are plotted against the CPSD values. However, if the visual field data from normal subjects were left out, no significant relation between model parameters and visual field parameters could be established.
The influence of topical antiglaucomatous medication, smoking, perfusion pressure, intraocular pressure, and arterial pressure on the model parameters was investigated by analysis of variance after adjustment for that specific factor-for example, topical medication. In the case of antiglaucomatous medication, the values for the model parameters were adjusted by subtracting the diVerence between overall average and the average of the medication group from the value of the individual. Adjustment for perfusion pressure, arterial pressures, and IOP were based on the regression between model parameters and studied pressure. The Kruskal-Wallis ANOVA of the adjusted variables showed that the diVerences in haemodynamic variables between the groups cannot be attributed to diVerences in, for example, use of antiglaucomatous medication or perfusion pressure. Moreover, there existed no statistically significant correlation between haemodynamic model parameter on the one hand and IOP, arterial pressure or perfusion pressure on the other.
Discussion
Through parametrisation of dye build up curves derived from video fluorescein angiograms, diVerences in both choroidal and disc haemodynamics have been found between healthy subjects and glaucoma patients, as well as between glaucomatous subpopulations. In particular, the time constant of the model, , theoretically reflecting the choroidal blood refreshment time, showed large diVerences 
The analysis of dye build up curves using an exponential model not only enables a mere mathematical description, but also oVers clinically useful, quantitative haemodynamic variables. Confining oneself to choroidal dye curves, the exponential, descriptive variable can be theoretically interpreted as variables of a rheological one compartmental model. The variable t 0 reflects the circulation between antecubital vein and posterior pole; F dt , among other things, reflects the amount of blood present, and can be regarded as the local choroidal blood refreshment time. Only fluorescence from more superficial layers up to and including the choriocapillaris, excluding fluorescence from larger choroidal vessels (as in indocyanine green angiography), contributes to the dye curve. 32 Therefore, the blood refreshment time reflects the time needed to replace the blood volume in a certain tissue volume, in this case the choriocapillaris.
This interpretation in terms of a one compartmental model only applies to choroidal dye curves. As in all model analyses reality is simplified, yet it is obvious that the choriocapillaris, a clearly defined monolayer of large capillaries, can be regarded as a volume. One of the complicating factors might be the fact that fluorescein extravasates out of the fenestrated capillaries.
Since the vasculature of the optic nerve head is much more complicated and in glaucomatous disease tissue loss occurs, an extrapolation of descriptive model parameters towards haemodynamic relevant variables is much more diYcult.
Other authors have also found haemodynamic diVerences between normals and glaucoma patients; retinal dye transit times are prolonged in POAG patients, 17 ophthalmic artery velocities measured with duplex ultrasound are reduced. 7 36 In glaucoma patients qualitative changes of the choroidal circulation have also been found. 1-3 28-30 DiVerences in the fluorescence of the disc have also been found. Using image analysis of photographic fluorescein angiograms an increased number of filling defects and a larger area of disc filling defects has been found in ocular hypertensives and progressive ocular hypertensives. [37] [38] [39] Hayreh found that in glaucoma patients fluorescence of the disc and choroid are about the same, whereas fluorescence of the disc in normal subjects is much higher. 1 40 These findings are in agreement with our findings that the maximal fluorescence of the disc is significantly lower in POAG and NPG and that the disc fluorescence in normal subjects is higher than that of the choroid.
The vasculature of the disc has an intricate three dimensional structure. Several layers with presumably diVerent arterial blood supplies can be distinguished. In pathological states tissue loss occurs, which makes the interpretation of angiographical findings of the disc even more diYcult.
Another complicating factor influencing the magnitude of F dt is the influence of pigments. Apart from diVerences in illumination and opacities of ocular media, diVerences in, for example, pigment epithelium may play their role. 41 Another factor is that F dt is dependent on the amount of blood and fluorescein. One could speculate that the small diVerence in choroidal fluorescence between normal subjects and glaucoma patients may be due to a thinner choriocapillaris. However, the variable F dt shows large variation and there is considerable overlap between normal values and glaucomatous values and the magnitude of F dt is influenced by a multitude of variables.
The variable t 0 did not diVer statistically significantly between the four subgroups, although, for the glaucomatous groups, there was a tendency towards longer t 0 values. With larger populations this tendency might reach statistical significance. The magnitude of t 0 is in agreement with previous findings using human observer dependent methods. 30 This variable describes the circulation time between site of injection, the antecubital vein, and the posterior pole. Thus, diVerences in many parts of the circulation, such as heart and lungs, but also carotid, ophthalmic and ciliary arteries may influence t 0 . To delineate these factors and influences the use of other techniques such as colour Doppler ultrasound imaging may oVer more insight. Through the combination of angiography and scintigraphy a prolonged carotis-retina time has been found in NPG patients compared with normal subjects. The subclavian-carotis time and the retinal passage time did not diVer. 42 Thus, there may exist local diVerences in the circulation between antecubital vein and posterior pole, and especially in the circulation of the ophthalmic and central retinal artery.
There appeared to be a very significant relation between the magnitude of t 0 and fundus locations. Generally, later t 0 values are found at more eccentric locations. This phenomenon may be caused by propagation of the dye front in the larger choroidal vessels which enter the globe near the disc. However, this is speculative and will be discussed in a separate paper.
The local choroidal blood refreshment time was significantly longer in POAG and NPG patients. Others have also found altered peripapillary choroidal haemodynamics. [28] [29] [30] However, these studies did not use automated analysis techniques, but relied on the eye of the observer and are more or less qualitative in character. Furthermore, image analysis as used in our study not only enables a standardised description of the angiograms, but also the extraction of variables, such as the local blood refreshment time . This variable cannot be quantified from an angiogram by eye, and oVers a new possibility to study choroidal haemodynamics.
Another quality of the model parameter is that it does not depend on confounding factors like fluorescence intensities. By means of the exponential analysis, diVerences in fluorescence intensities are accounted for through the variable F dt . Most qualitative methods and methods measuring ascending slopes of dye curves are intrinsically dependent on the amount of fluorescence. The slope is generally calculated as fluorescence/ time. Therefore, values cannot be compared with variables like slopes of dye curves, as used in previous studies. 37 Since choroidal blood refreshment times were significantly longer in glaucoma patients, and especially in normal pressure glaucoma patients, it may be concluded that the choroidal circulation is slowed down in glaucoma patients. We will discuss some factors which possibly are the cause of these diVerences.
First of all, the analysis, using the annular regions (with the disc as a standard), may be biased. Some studies showed that the size of the disc is somewhat larger in NPG patients compared with POAG and normal controls. 43 44 If there is a diVerence, this would imply that, compared with POAG patients, slightly more eccentric locations (approximately 7% of the disc diameter) are measured in NPG patients; this is negligible compared with the large intergroup diVerences in blood refreshment time . However, as reported by others, 45 a diVerence in disc size between the groups could not be demonstrated. Therefore, systematic diVerences induced by disc sizes are rather unlikely.
Since the normal subjects are on average slightly younger and possibly healthier, perhaps the diVerences in variable values between the study groups reflect diVerences in their vascular system. However, statistical analysis did not reveal age influence on the variables. Furthermore, the two glaucomatous groups, POAG and NPG, cover the same age and visual field defect range, and, comparing these two groups, values were significantly longer in the NPG patients compared with POAG patients. Thus, it seems unlikely that age had a confounding influence.
Another factor may be the influence of topical medication. The groups are clearly unmatched for the use of topical antiglaucomatous therapy. Medication may influence blood flow in the posterior pole either via a perfusion pressure eVect or via direct action on blood flow; blockers especially may influence ocular blood flow. However, in the current study diVerences in topical medication and smoking could not explain the diVerences in the blood flow variables; on the other hand, this study was not designed for the evaluation of haemodynamic eVects of medication, and one has to be very careful with the interpretation of the result regarding medication.
Another diVerence between the groups is perfusion pressure-the diVerence between average arterial blood pressure and intraocular pressure. The perfusion pressure influences ocular blood flow. From a comparative study in rabbits it appears that at least, in the rabbit, perfusion pressure to a large extent influences choroidal haemodynamics. 34 However, in this animal experimental study the perfusion pressure was changed artificially over a large range of pressures. The physiological perfusion pressure range is much smaller in humans, thus possibly obscuring a relation between perfusion pressure or intraocular pressure and choroidal haemodynamics. Subsequently, in the present study there appeared to be no relation between blood refreshment time on the one hand and perfusion, intraocular, or arterial pressure on the other. Furthermore, also from the diVerence between the haemodynamics in POAG and NPG patients, one may conclude that the prolonged choroidal blood refreshment time in NPG patients is not related to diVerences in intraocular pressure, mean arterial pressure, or ocular perfusion pressure.
The average intraocular pressure in POAG patients was much higher than in NPG patients (Table 1) . If diVerences in intraocular pressure and, indirectly, perfusion pressure would have influenced choroidal haemodynamics, one would expect reduced blood flow, especially in patients with high intraocular pressures and lower perfusion pressures. However, although somewhat slower values have been found in the POAG group, the slowest values have been found in the NPG group. It may be theorised that the changes in some POAG patients, with high intraocular pressures, reflect a perfusion pressure eVect. However, in the case of the NPG patients some local change of the vasculature in the posterior pole may explain the slow choroidal haemodynamics.
Because of the common source of blood supply via the short posterior ciliary arteries of large parts of the optic nerve head and the peripapillary choroid one might expect a relation between blood flow in the optic nerve head and choroidal blood flow.
The analysis of choroidal dye build up curves may be a clinically useful method for the study of haemodynamics in glaucoma patients. Clinicians have a long standing experience regarding the method of fluorescein angiography. The scanning laser ophthalmoscope and image analysis have made quantitative measures possible and provided a 'new' variable, which cannot be measured through the clinician's eyes. Haemodynamic abnormalities have been found in a sizeable number of glaucoma patients and particularly normal pressure glaucoma patients.
